Certain neurodegenerative diseases are thought to be initiated by the aggregation of amyloidogenic proteins. However, the mechanism underlying toxicity remains obscure. Most of the suggested mechanisms are generic in nature and do not directly explain the neuron-type specific lesions observed in many of these diseases. Some recent reports suggest that the toxic aggregates impair the synaptic vesicular machinery. This may lead to an understanding of the neuron-type specificity observed in these diseases. A disruption of the vesicular machinery can also be deleterious for extra-synaptic, especially somatic, neurotransmission (common in serotonergic and dopaminergic systems which are specifically affected in Alzheimer's disease (AD) and Parkinson's disease (PD), respectively), though this relationship has remained unexplored. In this review, we discuss amyloid-induced damage to the neurotransmitter vesicular machinery, with an eye on the possible implications for somatic exocytosis. We argue that the larger size of the system, and the availability of multi-photon microscopy techniques for directly visualizing monoamines, make the somatic exocytosis machinery a more tractable model for understanding the effect of amyloids on all types of vesicular neurotransmission. Indeed, exploring this neglected connection may not just be important, it may be a more fruitful route for understanding AD and PD.
Introduction
Aggregation of intrinsically disordered 'amyloid' proteins in the brain is suspected to be a major contributing factor to neurodegenerative diseases, such as Parkinson's (PD) and Alzheimer's (AD). Emerging evidence suggests that soluble oligomers are the key toxic species in a large number of such diseases [1] . However, no consensus mechanism for toxicity has emerged yet for any of these. Identification of the toxic pathway is of paramount importance, as it will settle lingering doubts about the amyloid hypothesis of disease causation, isolate the exact species of aggregates (if any) responsible for toxicity and help design effective strategies to tackle these diseases.
Accumulation of cerebral amyloid beta (Ab) has been hypothesized to play a key role in the development of synaptic deficits and neuronal loss in AD while alpha synuclein (a-syn) is a key component of the pathological Lewy bodies observed in PD. a-Syn is an intracellular protein while Ab is predominantly extracellular, although there is evidence to suggest that Ab can also accumulate inside neurons in human brain tissues [2] [3] [4] [5] [6] and in Ab transgenic mice models [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Various pathways have been suggested for amyloid toxicity, such as impairment of the ubiquitin proteasomal system [20, 21] , mitochondrial deficits [22, 23] , oxidative stress [24] , impaired stress-induced protective response [25] , membrane permeabilization and/or ion channel formation [26 -33] , calcium dyshomeostasis [34, 35] , alterations in lipid/sterol biosynthesis [25] , and changes in gene expression [36] . It is possible that any or a combination of these are responsible to varying degrees for a given disease. However, these mechanisms are generic in nature, and they fail to directly explain why particular types of neurons are specifically affected by particular protein aggregates, while others are spared for years. For example, in AD at initial stages there is & 2015 The Author(s) Published by the Royal Society. All rights reserved.
loss of basal forebrain cholinergic cells [37, 38] and major loss of serotonergic neurons in the caudate part of dorsal raphe nucleus [39, 40] , while in PD there is selective loss of dopaminergic (DA) neurons [41] .
Somatic monoamine neurotransmission and amyloid diseases
It has been established over the last two decades that monoaminergic neurons take part in volume neurotransmission, and especially somatic exocytosis [42 -50] , in addition to carrying out synaptic exocytosis. Somatic release has been observed in multiple systems, including serotonergic neurons such as the Retzius neurons of leech [45, 51, 52] , mesencephalic trigeminal nucleus of rat [53] , primary cultures of raphe neurons and raphe slices of rats [49, 50, 54] , and serotonergic neurons obtained from differentiated human embryonic stem cells [55] . It has also been observed in DA neurons of rats and mice [56] [57] [58] . While the precise role of somatic exocytosis is unclear, it is hypothesized to mediate responses which persist for long durations, for example, mood changes [46] . The synaptic and somatic release may not be completely unrelated. Somatic exocytosis involves vesicular movement over long spatial scales, and relatively long-term storage of neurotransmitters in vesicles which are much larger in size and have higher neurotransmitter content than the usual synaptic ones [50] . Proper vesicular packaging of these monoamines is important, since free monoamines can be neurotoxic due to their propensity to produce reactive oxygen species (ROS) [59, 60] . Volume transmission also requires elaborate and well-regulated reuptake transport machinery. A failure of any of these components can undermine neurotransmission and induce toxicity, and so it makes these neurons especially vulnerable to insults targeted towards the vesicular machinery. It has been suggested that at least some of the neurodegenerative diseases originate in synaptic failure [61] , and so the functioning of the neurotransmitter vesicular machinery may be a target of the toxic amyloid species. Indeed, experiments over the past decade have established the deleterious effects of the amyloids on various steps of vesicular neurotransmission. Many of these steps are identical in somatic exocytosis, and their impairment can have at least as large an impact. However, investigations on amyloid toxicity have not focused on this aspect so far, potentially missing out an important piece of the neurodegeneration puzzle.
Mechanism of synaptic neurotransmission can be broadly divided into the following steps: (i) synthesis, (ii) sequestration into vesicles, (iii) vesicular transport, (iv) vesicle storage in different pools, (v) vesicle priming for exocytosis, (vi) endocytosis and exocytosis and (vii) reuptake. There is evidence, sometimes contradictory, that each of these stages may be affected by amyloid proteins, such as Ab and a-syn. A schematic diagram describing the various pathways of amyloid toxicity which are relevant to our present context is given in figure 1 . The boxes marked red pertain to the aspects involving vesicular neurotransmission, which this review is centred on. In the following sections, we consider each of these aspects and their possible correlation with somatic exocytosis. In the concluding part, we also argue that in addition to the physiological relevance of the studies of amyloid aggregation on somatic exocytosis, the larger size offered by the cell body can potentially make optical microscopy-based studies much easier and more precise in this system than what is possible for its synaptic counterpart. Therefore, studying the effects of amyloids on somatic exocytosis has the potential to uncover additional mechanisms of amyloid toxicity which have not been apparent till now.
(a) Amyloids and monoamine neurotransmitter synthesis a-Syn significantly affects the activity of enzymes involved in the synthesis of dopamine. Dopamine is synthesized in the cytoplasm with the help of tyrosine hydroxylase (TH) and amino acid decarboxylase (AADC). Interestingly, a-syn affects TH activity in two known ways. Endogenous a-syn directly binds to TH as observed in rat brain homogenates and reduces TH activity as seen in cell-free assay. This was also observed in MN9D cells (a DA cell line) along with reduced TH phosphorylation and dopamine synthesis [62] . Secondly, in MN9D cells and in PC12 cells stably transfected with a-syn, it activates protein phosphatase 2A which eventually reduces TH phosphorylation and lowers its activity [63] . Overexpression of a-syn in MES23.5 DA cells reduces not only the activity of the TH promoter [64] but also reduces levels of TH mRNA (in neuroblastoma cell lines transfected with a-syn [65] ) and the level of TH proteins (in a-syn overexpressed MES23.5 DA cells [66] ). Conversely, silencing of a-syn expression in MN9D cells by vector-mediated RNA interference leads to increased phosphorylated TH, enhancing TH activity and dopamine biosynthesis [67] . Similar observations were made in animal models where overexpression of human a-syn in mice under the platelet-derived growth factor-b (PDGF-b) promoter [68] and in rats expressing a-syn in the nigrostriatal DA neurons [69] leads to reduced TH activity.
Overexpression of a-syn in transfected DA and pheochromocytomic cell lines also reduces the activity of L-aromatic AADC, an enzyme which helps in the conversion of L-DOPA to dopamine, thereby reducing dopamine levels [70] . We can infer that one of the effects of a-syn is to regulate dopamine homeostasis by directly affecting the enzymes involved in the dopamine biosynthesis pathway. It is possible that the aggregation of a-syn leads to a loss of this regulatory function and increased levels of dopamine, thereby affecting neurotransmission and cellular health.
(b) Amyloids and sequestration into vesicles
There have been reports that the concentration of VGLUT1, a vesicle-specific neurotransmitter transporter, is reduced in the cortices of AD brain [71] [72] [73] . Reduced VGLUT1 levels will lead to defects in packaging of neurotransmitters into vesicles. On the other hand, Ab has the potential to permeabilize membranes through its lipid binding properties as observed in artificially prepared phospholipid vesicles [74] . Ab may therefore directly affect the integrity of synaptic vesicles and hence the levels of neurotransmitters inside and outside the vesicles.
In addition, a-syn forms multimers in transfected hippocampal neurons which associate with synaptic vesicles and form vesicular clusters, thereby restricting their motility [75] . One of the possible outcomes of such clustering could be to restrict synaptic vesicle recycling and affect neurotransmission. Thus, amyloids seem to affect vesicles either directly rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 370: 20140187 or indirectly, affecting sequestration of neurotransmitters in vesicles.
(c) Amyloids and vesicle transport within the neuron
Vesicles need to be transported to appropriate cellular locations for exocytosis and are sorted there into different pools, such as the reserve pool and the readily releasable pool [76, 77] . Appropriate transport of vesicles is therefore a crucial part of the exocytosis machinery. There is strong evidence that in yeast and in lower animals (worms and drosophila), a-syn affects endoplasmic reticulum to Golgi transport [78] . Similar effect on transport and docking of vesicles to the Golgi is also seen in rat DA neurons in culture [79] . The effect manifests itself in an abnormal accumulation of vesicles in the soma, which may ultimately prove to be cytotoxic. The pathway through which a-syn affects the transport is not clear. However, there is clear evidence that microtubule assembly can be affected in AD [80] . In addition to Ab aggregation, another hallmark of AD is the hyperphosphorylation of tau, a microtubule-associated protein. Tau hyperphosphorylation is possibly a downstream event of Ab aggregation, and the microtubules may be affected through tau, in turn affecting vesicular transport. However, it has also been shown that 1 mM of exogenously added Ab oligomers can affect the microtubule assembly directly, independent of tau as observed in NIH3T3 cells [80] . Transport impairment will have obvious consequences for vesicle storage near the location of exocytosis, and observations consistent with this expectation have been reported (vide infra). Photo-bleaching experiments have clearly shown that vesicle traffic between adjacent boutons is impaired in hippocampal neurons cultured from a-syn overexpressing mice [81] . However, it is difficult to directly track vesicle movement at or near the synaptic boutons, owing to the small spatial and temporal scales involved. So it has remained difficult to quantify these effects. Another important unsolved question is whether this is a primary effect, with the oligomers directly interacting with the microtubules, or a secondary one. A colocalization study of labelled amyloids with the transport machinery would be required to settle this question. Some of these issues will be discussed later in the context of somatic exocytosis.
(d) Amyloids and vesicular distribution in different vesicle pools
It has been observed that externally added 2 mM mixture of insoluble fibrillar and soluble oligomeric Ab in cultured hippocampal cells causes ultra-structural changes which indicate impairment of synaptic vesicle endocytosis [82] . Electron microscopy experiments revealed a diminished pool of docked synaptic vesicles in terminals of squid giant synapse microinjected with 10-100 nM of Ab 42 oligomer [83] .
On the other hand, it appears that a-syn at endogenous levels helps in regulating synaptic vesicle mobilization at 
of docked vesicles remain unaffected. Moreover, replenishment of docked vesicles by the reserve pool was slower in these synapses [84] . Suppression of a-syn using antisense oligonucleotides in primary cultured hippocampal neurons decreased the availability of a 'distal' or reserve synaptic vesicle pool [85] . On the other hand, overexpression of a-syn in dissociated embryonic hippocampal cultures affects reclustering of synaptic vesicles post endocytosis, thereby reducing the size of the synaptic vesicle recycling pool [86] . However, in mice lacking a-syn, an increased rate of replenishment of the readily releasable pool has been reported in DA neurons, which tends to keep the pool size unchanged [87] . This is consistent with the recovery from paired-pulse depression (PPD) reported earlier in striatal slices of a-syn lacking mice [88] . Therefore, existing data from different brain regions, taken together, suggests that amyloids affect the size of the vesicle pools, but the effects may be system-dependent.
(e) Amyloids and priming of vesicles for exocytosis
The docked pools of vesicles are the first ones to undergo exocytosis upon depolarization. However, there is a complex array of steps which make this last step possible, a process generally termed 'priming'. It involves the assembly of the SNARE proteins which operate on the vesicle as well as on the plasma membrane at the active zone where the vesicle is about to fuse. It has been suggested that this assembly and/or its response to the Ca 2þ trigger for fusion is modified in neurodegenerative diseases. Overexpression of a-syn in PC12 and chromaffin cells leads to marked increase in the number of docked vesicles [89] . This effect was interpreted as a consequence of defects in the vesicle priming machinery. However, a-syn overexpression in primary hippocampal cultures did not change the number of docked vesicles [85] . Interestingly, co-localization of synaptophysin and a-syn, and an increase in the number of vesicles in the distal pool were also observed [85] . On the other hand, a decrease in the number of vesicles in the distal undocked pool in mice lacking a-syn has been reported [84] , which was interpreted in terms of an increased release probability. Ab seems to have similar effects on neurons. There have been reports of changes in the vesicle release probability on exogenous administration of Ab oligomers (200 nM in concentration), though the data are contradictory [90, 91] . There is an increase in the number of vesicles in the storage pool, and a decrease in the readily releasable pool, again consistent with an increase in the release probability [91] . Interestingly, exogenously added 50 nM oligomeric Ab disrupts the complex formed between synaptophysin and vesicle-associated protein 2 (VAMP2) in cultured rat hippocampal neurons, thereby increasing the amount of primed vesicles [92] . Evidence points to a-syn increasing the release probability of the vesicles, perhaps by positively regulating the vesicle priming process.
(f ) Effects of amyloids on endocytosis and exocytosis
It has been reported that levels of several presynaptic proteins are altered in the hippocampus and other areas of AD patient brains [93] , presumably due to Ab aggregation. External addition of a mixture of 2 mM solution of insoluble fibrillar and soluble oligomeric Ab to cultured rat hippocampal neurons depletes the levels of dynamin-1, a key GTPase presynaptic protein which pinches off synaptic vesicles from the plasma membrane, leading to a disruption of synaptic vesicle endocytosis [82] . Ab oligomers not only impair endocytosis but also impair regeneration of fusion-competent synaptic vesicles [91] . Both short-and long-term treatments of primary cortical neurons with 200 nM Ab oligomers lowers the levels of PtDIns(4,5)P2, a phospholipid that maintains key neuronal function such as signal transduction, regulation of actin cytoskeleton, exocytosis, endocytosis and permeability of ion channels [94] [95] [96] [97] [98] , and this may lead to alteration in the endocytosis process [99] . Expression of several proteins known to regulate endocytosis is affected by Ab, and therefore, Ab can also indirectly affect the endocytosis process. When human a-syn is expressed in mice, it impairs synaptic vesicle exocytosis in hippocampal neurons [86] . Similar results are obtained in the case of rat ventral midbrain DA neurons transfected with a-syn. Overexpression of a-syn in hippocampal neurons affects the reclustering of synaptic vesicles following endocytosis, causing a reduction in the size of the synaptic vesicle recycling pool. Additionally, overexpression of a-syn carrying familial Parkinson's mutations causes an inhibition of exocytosis [86] . A reduction in the rate of dopamine release has been reported in cell culture and animal model systems overexpressing a-syn [100] . The existing data therefore collectively suggest that amyloids may have substantial effects on the endocytotic and exocytotic processes.
(g) Amyloids and reuptake
The monoamines, serotonin, dopamine and norepinephrine, have separate but related reuptake transporters. a-Syn, when cotransfected with dopamine transporter (DAT) in different cell lines, shows physical interaction with DAT and causes a dose-dependent reduction of its cell surface availability [101] [102] [103] [104] . a-Syn also physically interacts with the serotonin transporter (SERT) in cotransfected cultured cells as well as in rat brain tissue, and negatively modulates its cell surface availability and uptake activity [105, 106] .
It appears that this lower availability is not due to a reduction in protein expression, but rather due to an increase in the endocytosis rates for these transporters. A decrease of dopamine reuptake by a-syn overexpressing nigral neurons has also been reported [107] . A lower reuptake rate may translate into a lower availability of these neurotransmitters for sequestration into vesicles. This would be in addition to any inhibition of dopamine synthesis mentioned earlier.
However, it is difficult to ascertain whether that translates into a lower amount of neurotransmitters per vesicle. Direct imaging methods which can relate the signal observed from the vesicles with the concentration of the neurotransmitters contained in them (though not absolutely quantitative) would help answer some of these questions. This can potentially settle the question whether the amyloids have an effect on the neurotransmitter packaging.
Implication for somatic exocytosis
The results discussed above have mostly been worked out in the context of synaptic exocytosis. However, some of these are also equally applicable for somatic exocytosis, though the mechanisms and effects may not be completely equivalent. Impairment of the somatic exocytosis in neurons (such rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 370: 20140187 as monoaminergic ones) can play a major role in the toxicity pathway. Also, in many cases, the verification of the effect on somatic exocytosis machinery would actually be easier, though it may not have been achieved experimentally yet. Here we outline the possible effects on somatic exocytosis, and experiments that can be performed to verify them.
Somatic exocytosis observed in the rat raphe neurons involves transport of vesicles over large distances (many micrometres) from inside the cell to the plasma membrane for exocytosis [49, 50] . So in the context of somatic exocytosis, any transport defect could have a severe effect. A dynamic real-time measurement of vesicular transport is, in principle, possible using vesicle marker dyes, such as the FM dyes [108, 109] . It is even possible to track the movement of individual vesicles (or vesicular clusters) using the native fluorescence of serotonin [50] . The latter has the advantage of only showing the movements of the serotonin-filled vesicles, suppressing the background from others. Such measurements can yield the speed and directionality of vesicle movement, providing a quantitative understanding of the effects of amyloids. It should also be possible to perform a colocalization study of labelled Ab, which can easily be observed inside cells and the microtubules. An example of the colocalization of FM1-43, which marks the vesicular membrane (visualized by confocal microscopy), and serotonin (visualized by three-photon microscopy) is shown in figure 2d [50] . Such experiments under external Ab insult can help us understand whether Ab directly associates with the transport assembly or unleashes its deleterious effects through secondary players. We note that, in principle, externally added Ab can be different from the endogenous species, owing to possible differences in spatial distributions, aggregation states, conformation and post-translational modifications. However, external addition also has some advantages. It is exactly quantifiable, its aggregation state before addition can be determined, and the time of its introduction can be precisely controlled.
An impairment of the synthesis of monoamines can lower the vesicular content, lower the number of vesicles or both. Since both serotonin and dopamine fluorescence can be imaged directly using multiphoton excitation, it is possible to measure both the content and the population of monoamine-containing somatic vesicles in a given cell [49, 50, 54, 58] . This presents a unique opportunity compared to studying synaptic exocytosis, as vesicles at a typical synapse cannot be visualized in live cells. Impairment of sequestration, including leakage from the somatic vesicles, can have strong effects on the health of the cells, as free neurotransmitters can be toxic. The somatic vesicles can be much larger than the synaptic vesicles and together hold as much or more monoamines than their synaptic counterparts, as was shown by a brain-slice wide mapping of serotonin in the rat brain [54] . These somatic storage sites are also close to vital housekeeping machinery and the nucleus, increasing the potential for damage. Vesicle transport defects can also cause major disruption to the process of somatic exocytosis. We have shown previously that within a few minutes of persistent depolarization, vesicles from the interior perinuclear region of the cell are transported to the plasma membrane where they start getting released [49, 110] . A single vesicle can move out from a cluster of vesicles at the interior of the cell, while other members of the same cluster remain immobile. This would suggest that a transport mechanism, and not random diffusion, takes vesicles from their storage areas to the place of exocytosis, frequently several micrometres away. More recent work has shown that vesicle transport can be diffusive, but only over a small distance range-indicating the presence of 'tethers' or barriers which keep the vesicles near their original place, until they are moved by an external machinery [50] . If amyloid aggregates affect this tethering process, it may actually make the vesicles free to diffuse. It is difficult to predict whether such uncontrolled diffusion would increase the rate of exocytosis, but it remains an interesting possibility.
Organization of vesicles into different pools, such as the readily releasable pool and the recycling pool, has not been clearly identified in somatic exocytosis. However, experiments with colocalized FM1-43 and serotonin imaging have shown that even after 10 min of depolarization, there are pools of serotonin-rich vesicles which do not get stained with FM1-43 (figure 2d ) [50] . This suggests the existence of a storage pool which does not easily participate in the exocytosis process. Conversely, there are FM1-43 labelled vesicles which do not contain serotonin. This latter pool may consist of freshly recycled vesicles, which are in the process of getting refilled. Therefore, it is, in principle, possible to generate separate statistics for these different pools. The majority of the vesicles, however, contain serotonin and are also stained by the FM dye, and probably belong to the recycling pool, at least at the relatively long time scale of somatic exocytosis. Though less evidence is available for somatic DA vesicles, the overall organization and the kinetics of exocytosis appear to be similar to those observed for the somatic serotonergic machinery [58] . While the effect of amyloids on the relative size of these somatic vesicular pools is not known, such experiments are, in principle, doable with the technology we have developed.
A lack of proper characterization of the nature of aggregates is a lacuna in most of the experiments discussed here. It is believed that neuronal damage is mostly caused by the soluble oligomeric intermediates of aggregation. However, there is no consensus about which of these oligomers is toxic. It is possible that the different, sometimes inconsistent, effects observed by different laboratories originate from differences between the aggregate species. There are rather precise fluorescence-based methods to characterize the different oligomers. Forster resonance energy transfer (FRET)-based experiments yield the conformational state of the oligomers, while fluorescence correlation spectroscopy (FCS)-based studies can measure the size of the aggregates [111, [113] [114] [115] . It is important to compare the effects of amyloid aggregates correctly, after duly considering the type of aggregates used in each of these experiments. It is possible to track the key amyloid species which cause toxicity. For example, starting with extracellular fluorescently labelled Ab 40 as a model peptide, we have shown that the oligomers of fluorescently labelled Ab 40 peptides (whose sizes are characterized by FCS in solution) attach to the membrane of serotonergic RN46A cells (for example, see figure 2a [114, 116] ). These oligomers form large assemblies on the membrane, perhaps indicating the formation of ion channellike structures, which can also be characterized by FCS (for example, see figure 2c ; experimental details are similar to those described elsewhere [112] ). It is also possible to visualize the Ab 40 oligomers eventually entering the cells (figure 2b). Such imaging can, in principle, be combined with direct multi-photon imaging of serotonin [117] or dopamine [58] . Thus, some of the experimental limitations of the synaptic experiments can be overcome if a similar set of experiments are attempted in a cell carrying out somatic exocytosis. Such experiments may provide valuable inputs for understanding the mechanism of amyloid-induced toxicity.
Summary
Somatic exocytosis has remained an unexplored but potentially significant player in determining the toxic effects of amyloids on neurons. It can help explain why serotonergic and DA neurons are especially vulnerable in Alzheimer's and Parkinson's diseases, respectively. We now have a wealth of information on how amyloids affect the synaptic exocytosis process. Some of these toxic processes are unlikely to spare components of the somatic exocytosis process. Optical microscopic and spectroscopic techniques are now available which have the power to unveil the damage wrought by amyloids on the somatic exocytosis machinery. These can, in principle, yield data with a level of detail not easily attainable in experiments performed on the much smaller synaptic machinery. Somatic exocytosis may yet prove to be one of the most significant pieces of the neurodegeneration puzzle, especially for AD and PD. 
